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Characterization of IIP2 and DC-Offsets in Transconductance Mixers
Kalle Kivekäs, Student Member, IEEE, Aarno Pärssinen, Member, IEEE, and Kari A. I. Halonen
Abstract-Envelope distortion in transconductance mixers is analyzed in this paper. The analysis consists of a simplified theoretical study, simulation results, and measurements about several implemented mixers. The studied mixers are active single-balanced and double-balanced structures. A theoretical mismatch analysis is carried out instead of a complex mixer nonlinearity analysis; this gives an intuitive sense of even-order nonlinearity in balanced mixers, and provides information about the fundamental restrictions of second-order input intercept point (IIP2) and the relations of different imbalances to actual performance. The analysis uses a number of simplifying assumptions, but without losing generality. The IIP2 is sensitive to any mismatch in a differential circuit topology. It will be shown that an excellent IIP2 can be achieved in slightly imbalanced conditions by a controllable mismatch device.
Index Terms-BiCMOS analog integrated circuits, DC offset, direct conversion, envelope distortion, IIP2, mismatch, mixers, nonlinearity, radio receivers, second-order distortion.
I. INTRODUCTION

R
ECENT advances in silicon technologies have established a large variety of new opportunities to develop portable electronic equipment for wireless communications. The objective is to miniaturize devices without deteriorating their performance and to improve the cost effectiveness of the equipment. The direct conversion architecture has shown its capability in the integration of the radio receiver. However, it exhibits not only benefits, but also some disadvantages compared to superheterodyne receiver [1] , [2] . One of the most limiting problems in the direct conversion receiver is the envelope distortion due to the even-order nonlinearities. Many cellular systems require an excellent second-order input intercept point (IIP2) performance if a direct conversion receiver architecture is used. Guidelines to estimate the specification for radio systems are discussed, e.g., in [3] .
Intermodulation distortion [4] - [6] and noise performance [7] - [9] of current-commutating mixers have been analyzed quite extensively in the literature. However, the distortion analysis usually concentrates only on the odd-order nonlin-earity. Few recent works have focused on the analysis of second-order distortion and, in particular, circuit techniques to reduce envelope distortion [3] , [10] - [12] . In direct conversion, the second-order distortion adds another dimension to the conventional analysis because the performance is limited both by the circuit nonlinearities and symmetry. Hence, the envelope distortion analysis in the balanced circuits is not as straightforward as the analysis of odd-order nonlinear characteristics because the distortion at the output is a complex function of different mismatches in the circuit [13] . The interface of a mixer to the preceding stage, which is typically a low-noise amplifier (LNA) or a bandpass filter as in Fig. 1(a) , is usually ac coupled and, thus, the second-order distortion due to the LNA is filtered out. Therefore, the most dominant second-order distortion source in a receiver is the downconversion stage. The mixers used in integrated direct conversion receivers are usually active transconductance mixers and practically always balanced-or double-balanced structures. Also, the transconductance stage is sometimes ac-coupled to the mixing core as in Fig. 1(b) . Then, the second-order beat around dc generated in the transconductance stage is filtered out [2] , [14] . However, this technique has not improved the performance of the mixer to the desired level and results are comparable to the other existing topologies. In a perfectly balanced case, the IIP2 is infinite and the result is independent of any other parameter as long as the balance is not violated.
This paper describes the analysis of envelope distortion in mixers by means of IIP2. Section II presents a theoretical mismatch analysis describing the basic behavior of the second-order distortion. Section III deals with the simulation results for corresponding mixer topologies as analyzed in Section II. Section IV gives the measured results of implemented circuits, and Section V summarizes the work. to this component, which defines the fundamental nonlinearity of the mixer. In the analysis, the nonlinear VCCS is given as
The relative second-order nonlinear coefficient can be predicted with the same accuracy as odd-order nonlinearities by the simulations from a single-ended output. It can be considered as a fundamental level of the second-order nonlinearity for each mixer topology. This gives an estimate of the sensitivity of the circuit to mismatches and, hence, the IIP2. The following analysis is based on the mismatched conditions in balanced mixers. It will be shown that the circuit can exhibit a very good IIP2 even under imbalanced conditions if the natural imbalance of the circuit is compensated by a properly controlled intentionally added imbalance. Throughout the paper, the asymmetry due to imbalance between load resistors has been used to detect the IIP2 and to illustrate the effects of mismatching.
A. Single-Balanced Behavioral Model
In the first-order behavioral model, a hard-switching local oscillator (LO) is used. However, the effect of the switching core using linear devices is not negligible in the overall performance. The LO is modeled using a square-wave approximation, in which the duty cycle is used as a mismatch variable, thus, taking the unequal switch conduction times into account. Hence the dc leakage through the mixer and the asymmetries in the switching operations are included. The Taylor series for LO signals are given separately for positive and negative gate functions as (2) The different duty cycles of the positive and negative gate functions are modeled by unequal conduction times and , respectively. Here, is the nominal value of the duty cycle in a single switch (typically 50%), and is the mismatch in the duty cycles between the positive and negative gate functions. In this analysis, the interest is in the downconversion of the fundamental signal defining the gain and in the even-order nonlinear components around the dc at the output. The currents in the positive and negative branches can be calculated for the terms of interest from
The RF input signal of a two-tone test is given as , and, thus, by substituting (1) and (2) into (3) the low-pass filtered output currents can be given as (4) Here, is the downconverted signal and is the low-frequency beat. The differential output voltage of interest in Fig. 2(a) is (5) where and are the positive and negative load resistances, respectively. The second mismatch term, in addition to an unequal duty cycle, is the imbalance in the load devices. The load resistors are given as and . Here, is the nominal value of the load resistance and the deviation from the nominal. Hence, becomes (6) The voltage gain can be expressed as (7) The cosine term is close to unity, with small and, hence, the gain simplifies to the well-known formula being almost independent of mismatches, but degrades to some extent when both commutating switches are simultaneously ON or OFF.
The second-order input intercept point is now calculated from the fundamental and the imd2 terms in (6) as (8) The value is an rms-voltage quantity. It is practical to refer the values to the 50-input power, i.e., IIP2 [dBm] . According to (8) , iip2 depends both on the fundamental second-order distortion, , and on the mismatch terms and . The former can be defined from the single-ended output of the mixer. It is not directly the ratio of the transconductance element because of the switching function. The single-ended iip2 defined either from the positive or negative output is (9) This term is independent of the balancing and can be simulated with the same reliability as odd-order parameters like IIP3. A larger value always indicates reduced sensitivity against envelope distortion. Also, a direct measurement is possible. A similar approach can be used for a double-balanced configuration by applying only a single-ended signal to the RF input. To alleviate the necessity of excellent balancing, a quantity of balancing factor is defined here as (10) The balancing factor depends on the matching properties of the devices in the IC process and the layout of the circuit. If the probability distribution functions of the different process parameters are known, and the sources of mismatches are recognized in the circuit topology, then the balancing factor can be used to estimate the yield of certain IIP2 value. Another important parameter in the direct conversion mixer is the dc offset at the output, which follows from (6) as (11) The dc term depends also on the amplitude modulation component as given in [2] . IIP2 is plotted as a function of load resistor imbalance with the different -parameters in Fig. 3(a) . The mismatch in the load is a significant reason for the IIP2 degradation, but the fundamental nonlinearity is also very important for the performance. The selected -values (1.8, 0.57, 0.285, 0.1425) correspond to the mixer IIP2-values of 50, 60, 66, and 72 dBm's in the presence of 1% resistor mismatch. The single-ended IIP2 is dBm as is 0.285, which is considered as a nominal value throughout the paper. In Fig. 3(b) , both the load resistor and switch conduction time imbalances are included simultaneously. The figure shows that two imbalances may degrade the performance significantly from a single mismatch if they are summed. On the other hand, the IIP2 maximum shifts as a function of the other mismatch, as could be expected.
B. Double-Balanced Behavioral Model
For double-balanced mixers, the transconductance mismatch of the V-I converter and the amplitude and phase imbalances of the RF input signal are added to the analysis. The behavioral model of a double-balanced mixer is shown Fig. 2(b) and can be analyzed in a similar way to the single-balanced topology. Now the V-I converters in each branch are independent voltagecontrolled current sources instead of a differential pair. Hence, there is no common-mode rejection in the input stage and it is assumed in the analysis that the tail current is divided equally between the devices. The positive and negative input signals are given separately as (12) where is the phase imbalance between the differential inputs. The amplitudes at the inputs are and for the positive and negative inputs, respectively. Here, is the amplitude imbalance. The total transconductance of the V-I converter is set to be equal as in the single-balanced mixer analysis, and hence, the of the input devices can be given as and for positive and negative transconductances, respectively. The nonlinearity factors, , are assumed equal in both input branches. If a comparison between the single-and double-balanced mixers is made, the given assumptions should be characterized separately with respect to biasing and other transistor level parameters. However, they are sufficient when the theoretical differences in the IIP2 behavior are analyzed.
Based on the detailed analysis given in Appendix A, the IIP2 for double-balanced topology can now be written as (13) The IIP2 of a double-balanced mixer is very sensitive to the mismatch in the load resistors according to (13) . It is not as sensitive to the errors in the duty cycle because of the double-balanced configuration. The transconductance and input amplitude mismatches have an equal effect on IIP2. Fig. 4(a) illustrates the IIP2 of the single-and double-balanced mixers as a function of the sole load resistor imbalance. The better performance of the double-balanced mixer is due to its smaller gain in this analysis. The phase imbalance at the input of the mixer can be considered negligible according to the analysis. In the presence of several mismatches in the circuit, an excellent load resistor match becomes crucial. Even a small imbalance in the load shifts the maximum of IIP2 far from its original location as shown in Fig.  4(b) . The curves plotted for fixed values show that even a 0.1% mismatch can strongly degrade the IIP2, and a 0.5% mismatch is not acceptable. This is because of summation of with multiplied and in (13) . Input amplitude and transconductance mismatches are in the same role in (13) and, therefore, is kept zero in Fig. 4(b) . According to analysis in Appendix A, the dc offset in a double-balanced mixer is (14) By comparing this to (13) , it is obvious that the maximum IIP2 is not necessarily achieved when the dc offset is zero because of the different mismatch terms effective in these two equations.
C. IIP2 Single-Balanced Behavioral Model Using Bipolar Core
In the previous analysis, the properties of the mixer core transistors were neglected; in this section, a bipolar switching pair replaces the ideal switches in the core. The first-order large signal model for the collector current of a bipolar transistor operating as a switch in the core can be given as (15) where is the device saturation current, is the base-emitter bias voltage, is the differential LO voltage in the switching pair, and . The transfer function of the switching pair then follows the wellknown behavior [15] . When the LO voltage is sufficiently large, the mixer conversion gain becomes directly from the ideal brick wall switching function. Otherwise, the amplitude of the LO signal affects the voltage gain given in [16] as (16) where is the differential amplitude of the LO signal. The effect of core transistors on the IIP2 is not negligible in direct conversion receivers and neither is its modeling straight- forward. A large variety of different effects are described in the case of weak nonlinear behavior both for bipolar and MOS devices in [17] . However, the characterization of the switch in the ON state as a cascode stage and in the OFF state as an open circuit is indeed quite inaccurate mainly because many nonidealities in the mixer come from the strongly nonlinear switching operation. Unfortunately the nonlinear characterization of the core leads to complicated equations, which can be solved only numerically [4] . In the case of IIP2, the equations should be combined with the mismatch analysis and the results are assumed not to give more insight as to the nature of the phenomenon than the simplified analysis presented below.
The model in (1) is still used as the only nonlinear function. In addition to the load mismatch, the saturation current mismatch, , of the bipolar switching pair is included as another mismatch term. It is in the same role as the duty-cycle mismatch, , used earlier, and gives a more realistic model for the core. The analysis in general follows the approach for emitter-coupled pairs given in [15] ; some assumptions are made to simplify the mathematics. In all active devices, the output conductances are assumed to be negligible. The emitter resistors of the core transistors are omitted, as the solution in a closed form would be otherwise impossible. Also, the base current is assumed to be much smaller than the collector current. The circuit topology used in the analysis is given in Fig. 5 , and (17) and (18) are derived in the Appendix.
The dc offset at the output follows again the same mismatch behavior as the IMD2 component. Only the tail current is added to the RF dependent term as (17) The second-order input intercept point becomes (18) The result can now be plotted as a function of the LO amplitude. Several curves according to mismatch conditions given in Table I are shown in Fig. 6 . The analysis shows that only a % variation in can change IIP2 about 10 dB as the mixer is driven in the switching mode, i.e., , as seen from curves 1-3. On the other hand, curves 6-8 indicate that IIP2 can either degrade or improve as a function of LO amplitude, depending on the mismatches. Small peaking as shown in curves 4 and 5 may change to tremendous variations in curves 6-8 when mismatches will cancel each other at certain points. The measured results that will be presented in Section IV show that such variations are also possible in reality. Hence, IIP2 is dependent both on the small mismatches and on the LO amplitude. This simple approach allows practical means to calculate some selected sources of mismatch and an understanding of their relations to IIP2 behavior.
III. SIMULATIONS
The mixers used in the simulations are single-and doublebalanced configurations with a bipolar switching core and MOS input stage, as shown in Fig. 7(a) and (b) , respectively. The double-balanced mixer is used earlier in [18] and [19] . Later, this configuration has been used as a platform in the design of more sophisticated downconverters in [20] and [21] .
In order to study the contribution of the switching quad in the mixer overall linearity, the nonlinear MOS transconductors can be replaced by a linear voltage-controlled current sources. In the simulations, IIP2 saturates in strongly mismatched conditions to about 25 dBm in the single-balanced mixer, rising only to 36 dBm with a linear equivalent model. In the double-balanced mixer, the corresponding numbers are 30 and 72 dBm, respectively, (see Figs. 8 and 9 ). These parameters can be compared to third-order linearity performances. The simulated IIP3 of the single-balanced mixer is 7 dBm and 13 dBm with a linear transconductance stage while the corresponding numbers for the double-balanced mixer are 12 dBm and 17 dBm, respectively. Hence, according to the simulations the single-balanced mixer is more sensitive to the even-order distortion due to the switching stage than the double-balanced mixer; this is quite obvious. However, the input stage still clearly dominates the overall second-order linearity performance in both topologies. In addition, it turns out that the levels at which IIP2 saturates in the presence of a large significant mismatch equals the simulated single-ended IIP2's, which is as might be expected. That simulated single-ended IIP2s are independent of the mismatch, confirms (9) . The simulated single-ended IIP2 is 25.5 dBm and 31.3 dBm for single-and double-balanced mixers, respectively.
IIP2 as a function of the LO signal amplitude has been illustrated in Figs. 10 and 11 , for single-balanced and double-balanced topologies, respectively. The behavior resembles some of the calculated curves in Fig. 6. Fig. 8 illustrates the IIP2 as a function of imbalance in the load resistors with the presence of imbalance in the switching devices for a single-balanced mixer in the switching mode. As predicted theoretically, the presence of several mismatches shifts the IIP2 maximum. Similar behavior is illustrated for a double-balanced mixer in Fig. 9 . However, now the resistor mismatch required to achieve the IIP2 maximum is larger than in the single-balanced case because the maximums are spread wider along the -axis. Nevertheless, at certain IIP2 levels the peaks are wider in the double-balanced case. Hence, a relatively high IIP2 value can be achieved with a larger mismatch.
IV. MEASURED RESULTS
The measurements were performed for a single-chip direct conversion receiver [21] . Several circuit samples were measured for the validation of the theoretical calculations and simulations. The receiver is fabricated using a 0.35-m, 
1R = 1%.
SiGe-BiCMOS process, and utilizes a 2.7-V supply. It has interstage I/Os to allow separate measurements for RF and analog baseband circuits. These test I/Os were connected in output terminals of the mixers. The mixer output is unbuffered driving directly the first baseband stage.
The measured mixer output load resistors values match very well in all samples. They were drawn in parallel fingers and dummy structures were used to improve symmetry. The average relative error between the resistor pairs is less than 0.1%. The resistor mismatches and IIP2s are given in Table II . Even though the load resistors match well, significant dc offset exists between the samples. This is an obvious indication that the imbalance is generated elsewhere in the circuit.
The resistive loading allows the insertion of external ac-coupled potentiometers in parallel to load resistors in the test board. Fig. 12 illustrates the trimmed IIP2s versus relative deviation in the load resistances. The given IIP2 is for the mixer, and the gain of the LNA has been extracted from the measured results. The trimmed mixer IIP2 is above 55 dBm in every sample. The improvement in performance is at least 15 dB but the highest benefit is even 50 dB. The numbers are given for each sample in Table II . The dc-offsets remain constant during the tuning due to the ac-coupled potentiometers. However, the IIP2 improvement is achieved in the dc-mismatched conditions, which is earlier shown theoretically. Neither these offsets nor the resistor trimming have a more than negligible effect on the other performance parameters of the measured receiver, e.g., gain, noise figure and IIP3. The direct tuning typically varies the dc offset at the mixer output. However, some amount of dc offset always exists due to natural device mismatching, which has to be removed in direct conversion receiver [22] . The options to remove the offset depend on the system specifications, for example bandwidth and modulation. In some cases, high-pass filtering is a suitable method, which can be implemented by ac-coupling or using a servo feedback loop [23] .
The IIP2s were measured also as functions of the LO power. Fig. 13 illustrates IIP2's dependency on LO power for several samples. The IIP2 behaves in a manner similar to that predicted earlier. It can be noticed that there is no observable conformity in the behavior of IIP2 as a function of LO power. However, similar behavior could be expected according to the calculations and simulations. As in Fig. 6 , all presented cases appear in the measurements. 
V. CONCLUSION
A simple theoretical model for envelope distortion behavior in single-and double-balanced mixers has been presented in this paper. The given analysis is more a mismatch analysis than a nonlinearity analysis. It shows clearly why an extensive mismatch analysis is needed to model the IIP2 instead of a complex nonlinearity characterization. This analysis gives a good intuitive sense of the even-order nonlinear behavior of transconductance mixers and is a basis to be extended into other topologies also. The presented theory is consistent with both the simulations and measurements. It has been shown that the linearity maximum can be achieved by the means of even-order distortion in mismatched conditions, even with a presence of a quite significant dc offset. It is evident that this fixed offset can be cancelled by other means in direct conversion receivers. Another important result is that the nonlinearity and imbalance of a circuit can and should be handled separately. The double-balanced topology is not as sensitive to the nonlinearity of the switching core as the single-balanced one. In a single-balanced mixer, the mismatching of the load and the switches have equal effect on the overall linearity. However, the double-balanced topology has slightly different mismatch mechanism compared to the single-balanced mixer. Therefore, the matching of the load resistors becomes even more crucial. With several independent mismatches, the requirements for resistor matching become significantly more stringent than can be estimated when only resistor mismatch by itself is characterized. This sensitivity to very small parameter variations explains clearly the large dispersion between different samples, which is typical when IIP2 is characterized. On the other hand, the even-order nonlinearity of the double-balanced configuration is undoubtedly dominated by the -elements and is, thus, less sensitive to the nonlinearity of the switching devices. The elaborate behavior of the IIP2 as a function of LO amplitude is also described theoretically and proved with measurements. However, it again depends on the mismatched conditions only, rather than on the nonlinear characteristics of the core devices.
The presented analysis provides a platform for future developments of mixer linearization by the means of even-order distortion. The theoretical conclusions predict that it may be possible, but difficult, to achieve a high IIP2 even with tuning. However, the simulations and measurements provide more encouraging results. The mismatched conditions can be modeled with a limited number of mismatch parameters although sometimes at least three variables are required. Also, significant improvements in IIP2 can be achieved by tuning only one parameter like the load resistor. It is also important that the odd-order linearity and overall noise performance are not deteriorated as the controlled imbalance has been increased. Nevertheless, the imbalance can slightly affect the increase of common-mode noise detection in mixer output.
APPENDIX A DERIVATION OF DOUBLE-BALANCED BEHAVIORAL MODEL
The differential output voltage of a double-balanced topology is (A1) When only the desired RF and low frequency terms are considered, the currents of V-I converters can be given as (A2)
Assuming that the gate functions of the two pairs of commutating mixers as given in (2) The difference of compared to the single-balanced gain in (7), comes from the single-ended to differential conversion at the input. The second-order intermodulation term at the output is (A6) If the squared amplitude mismatches are considered insignificant in the summation, IIP2 can be written in the form of (13) .
APPENDIX B DERIVATION OF SINGLE-BALANCED BEHAVIORAL MODEL USING BIPOLAR CORE
The LO collector currents, in Fig. 5 , in each branch are
The current ratio between the differential branches can now be written as (B2)
The current equation in the emitters of the core transistors is (B3)
As long as the current gain of the transistor is large, is close to unity and the last approximation is valid. Hence, the output voltage becomes (B4)
The saturation currents of core transistors are given as and . By combining (B2) and (B3) the difference and sum terms in (B4) become (B5)
The output voltage can now be written as (B6)
The tanh-function presents the transfer function of odd harmonics while the other terms describe the dc leakage and even harmonics in the downconversion. The factor multiplying the current and load resistance is actually the gate function for the bipolar core. However the separation of different frequency components is practically impossible if a sinusoidal LO signal is used in the analysis. The Taylor series expansion for a function in the form of requires a very large number of terms to find the correct factor for the desired frequency component if is large, i.e., in the case of a switching mixer. However, it is still possible to use the gain degradation function (16) as the approximation of the fundamental downconverted signal. Hence, the amplitude of the IF output is given as (B7)
The same problems as above apply also for Taylor series of . However, the interest here is only in the dc leakage term of the gate function because the nonlinearity comes from the V-I converter. Also, the possible downconversion from the second harmonic of the LO is neglected. Hence, the dc term of the is given as . The amplitude of the low-frequency imd2 term at the output can now be written as (B8)
